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We report the direct characterization of energy-time entanglement of narrow-band biphotons produced
from spontaneous four-wave mixing in cold atoms. The Stokes and anti-Stokes two-photon temporal
correlation is measured by single-photon counters with nanosecond temporal resolution, and their joint
spectrum is determined by using a narrow linewidth optical cavity. The energy-time entanglement is
verified by the joint frequency-time uncertainty product of 0.063� 0.0044, which does not only violate the
separability criterion but also satisfies the continuous variable Einstein-Podolsky-Rosen steering inequality.
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In the original Einstein-Podolsky-Rosen (EPR) paradox,
position and momentum are taken as complementary or
canonically conjugate variables to question the physical
reality of quantum mechanics [1]. Now it has been clear
that quantum entanglement plays an important role in the
EPR nonlocality and is incompatible with the local hidden-
variable theories [2–5]. For more than 80 years, the EPR
thought experiment has motivated many important discov-
eries of quantum entanglement, such as quantum telepor-
tation [6,7], quantum key distribution [8], Franson
interferometry [9], and their quantum information appli-
cations [10]. The degree of quantum entanglement can be
measured by violation of Bell inequality [11,12], Schmidt
number [13–15], and concurrence [16].
Time and energy are also known a pair of complemen-

tary continuous variables, whose relation is analogous to
that of position and momentum. The EPR energy-time
entangled photon pairs (termed biphotons) are of great
interest for long-distance quantum communication because
of their insensitivity to the birefringence effect of fibers
[17]. For a single photon state, the uncertainties of its
optical angular frequency ω and arriving time t are bounded
by the Heisenberg’s uncertainty relation ΔωΔt ≥ 1=2,
where Δ represents standard deviation. As a result, if
two photons are in a separable state, their joint frequency-
time uncertainty product follows [18,19]

Δðω1 þ ω2ÞΔðt2 − t1Þ ≥ 1: ð1Þ
Therefore, a violation of the above separability criterion
implies entanglement. A sufficient and more restricted

condition for rising the EPR paradox to rule out the local
realism is the steering inequality [20–22]

Δðω1 þ ω2ÞΔðt2 − t1Þ <
1

2
: ð2Þ

In fact, for a two-photon energy-time entangled state, there
is no lower limit for the joint frequency-time uncertainty
product. For wideband biphotons generated from sponta-
neous parametric down-conversion [23], while their joint
spectrum is easily resolved, it is a challenge to directly and
precisely measure their ultrashort temporal correlation
using commercially available single-photon counters with
ns resolution. Recently, direct characterization of ultrafast
energy-time entangled photon pairs was demonstrated with
single-photon spectrometers and sum-frequency generation
correlator [24,25], giving the joint frequency-time uncer-
tainty product of 0.290� 0.007 [24]. To our best knowl-
edge, this is the smallest value on record for energy-time
entanglement, which violates the separability criterion and
satisfies the EPR steering inequality.
On the other side, narrow-band biphotons with long

coherence time have important applications in quantum
information processing, such as realizing efficient photon-
atom quantum interfaces [26]. However, their EPR joint
frequency-time uncertainty product has not been directly
characterized because of the difficulty in resolving their
ultranarrow nonclassical frequency correlation. In this
Letter, we report the direct characterization of energy-time
entanglement of narrow-band biphotons produced from
spontaneous four-wave mixing (SFWM). Owning to the
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long coherence time of these biphotons, the temporal
correlation and uncertainty are resolved with commercial
single-photon counting modules (SPCM). We make use of
a narrow linewidth (72 kHz) optical cavity frequency filter
to precisely map the joint spectrum and measure their
energy (frequency) uncertainties. Our result of the joint
frequency-time uncertainty product of 0.063� 0.0044 is
significantly smaller than the previously reported value [24]
and pushes its lower bound a step closer to zero.
We produce energy-time entangled narrow-band bipho-

tons from SFWM [27–29] in a cloud of 85Rb atoms
prepared in a dark-line two-dimensional (2D) magneto-
optical trap (MOT) [30], as depicted in Fig. 1(a). The
longitudinal length of the atomic cloud is about 2.0 cm and
the atomic temperature is around 20 μK. The whole
experiment is run periodically with a cycle duration of
1.25 ms including a MOT loading time of 0.75 ms and
biphoton generation time of 0.5 ms. After the MOT loading
time, the atoms are optically pumped to the ground state
j1i, as illustrated in the energy level diagram in Fig. 1(b).
The SFWM process is driven by a pair of counterpropagat-
ing pump (ωp) and coupling (ωc) laser beams, aligned with
an angle of θ ¼ 2.36° to the longitudinal axis of the 2D
MOT. The circularly (σ−) polarized pump laser beam
(2.1 mW, 780 nm) is blue detuned by Δp ¼ 2π ×
473 MHz from transition j1i → j4i and is focused to the
center of the MOT with a 1=e2-intensity waist diameter of
870 μm. The coupling laser beam (σþ, 2.1 mW, 795 nm) is
on resonance to transition j2i → j3i, with a collimated
beam diameter of 1.5 mm that covers the whole atomic
cloud. Backward energy-time entangled Stokes (ωs,
780 nm) and anti-Stokes (ωas, 795 nm) photon pairs are
generated spontaneously, and collected by a pair of

opposing single mode fibers (SMFs) placed along the
MOT longitudinal axis. The atomic optical depth in the
anti-Stokes transition is 82.
With the continuous-wave pump and coupling laser

fields, the spontaneously generated phase-matched Stokes
and anti-Stokes photon pairs are frequency-time entangled
because of the energy conservation ωas þ ωs ¼ ωc þ ωp
originating from time translation symmetry. Therefore, in an
ideal SFWM case, Δðωas þ ωsÞ ¼ 0 and the joint uncer-
tainty product β ¼ Δðωas þ ωsÞΔðtas − tsÞ approaches
zero. In reality, Δðωas þ ωsÞ is bounded to the finite line-
widths of the pump and coupling lasers, which leads to a
nonzero joint uncertainty product.
We first determine the joint temporal uncertainty by

measuring the two-photon temporal correlation using two
SPCMs (Excelitas, SPCM-AQRH-16-FC) directly after the
SMFs. In the Heisenberg picture with continuous-wave
pump and coupling laser fields, ignoring linear loss and
gain in the anti-Stokes and Stokes channels, the field
operators at the two output surfaces can be expressed
as [31]

âasðδωasÞ ¼ AðδωasÞâas;0 þ BðδωasÞâ†s;0;
â†sðδωsÞ ¼ CðδωsÞâas;0 þDðδωsÞâ†s;0; ð3Þ

where âas;0 and â†s;0 are the input vacuum fields. δωas ¼
ωas − ω̄as and δωs ¼ ωs − ω̄s are the anti-Stokes and
Stokes frequency variables, with ω̄as and ω̄s as their central
frequencies that satisfy ω̄as þ ω̄s ¼ ωc þ ωp. Without con-
tribution from Langevin noises, the parameters A, B, C, and
D satisfy jAj2 − jBj2 ¼ jDj2 − jCj2 ¼ 1. The two-photon
coincidence rate can be modeled as the Glauber correlation
function in time domain [32]

(a) (b)

FIG. 1. Narrow-band energy-time entangled biphoton generation and characterization. (a) Experiment setup. In the presence of the
pump (ωp) and coupling (ωc) laser beams, counterpropagating paired Stokes (ωs) and anti-Stokes (ωas) photons are produced via
spontaneous four-wave-mixing (SFWM) process from a cold 85Rb atomic ensemble in a 2D magneto-optical trap (MOT). The photon
pairs are then coupled into a pair of opposing single-mode fibers (SMF). To determine the joint spectral distribution, the Stokes and anti-
Stokes photon frequencies are shifted by two acousto-optic modulators (AOM1 and AOM2) before they are injected into the high-finesse
optical cavity. Two dichroic mirrors (DM1 and DM2) are employed to combine and separate these photons. The transmitted photon
pairs are detected by two single-photon counting modules (SPCMs). Two etalon filters are inserted in front of the SPCMs to further filter
out the scattering from the pump and coupling laser beams. (b) 85Rb atomic energy level diagram for the SFWM process.
j1i ¼ j5S1=2; F ¼ 2i, j2i ¼ j5S1=2; F ¼ 3i, j3i ¼ j5P1=2; F ¼ 3i, and j4i ¼ j5P3=2; F ¼ 3i.
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Tð2Þ
s;asðtas − tsÞ ¼ hâ†asðtasÞâ†sðtsÞâsðtsÞâasðtasÞi

¼ jψðtas − tsÞj2 þ RsRas; ð4Þ

where

ψðτÞ ¼ 1

2π

Z
BðδωÞD�ð−δωÞe−iδωτdδω ð5Þ

is the relative biphoton temporal wave function. Ras ¼
ð1=2πÞ R jBðδωÞj2dδω and Rs ¼ ð1=2πÞ R jCðδωÞj2dδω
are the anti-Stokes and Stokes single-photon rates. The
first term in Eq. (4) is the biphoton correlation, while the
second term represents their accidental coincidence
between different photon pair events generated spontane-
ously. The joint relative-time (τ ¼ tas − ts) uncertainty is
determined by

Δðtas − tsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hðτ − τ̄Þ2i

q
¼

R ðτ − τ̄Þ2jψðτÞj2dτR jψðτÞj2dτ ; ð6Þ

where τ̄ ¼ R
τjψðτÞj2dτ= R jψðτÞj2dτ.

Figure 2(a) shows the measured Stokes and anti-Stokes
photon coincidence counts, ηTð2Þ

s;asðτÞΔTtbin, where η ¼
0.034 is the two-photon joint detection efficiency account-
ing the duty cycle, fiber coupling, and filter transmission
efficiencies, ΔT¼60 s is the acquisition time, and tbin¼1ns
is the time bin width. The measured coincidence counts
imply that we produce biphotons with a rate of 3088 pairs
per second from cold atoms. The black theoretical curve
[32], plotted from Eqs. (4) and (5) agrees well with the

experimental data. Following Eq. (6), we obtain
Δðtas − tsÞ ¼ 62.77� 1.68 ns. The nonclassical property
of the biphoton temporal correlation is also verified by
examining whether the Cauchy-Schwartz inequality [33]
is violated. For the data presented in Fig. 2(a),

the normalized cross correlation function gð2Þs;asðτÞ ¼
Tð2Þ
s;asðτÞ=ðRsRasÞ has a peak value of 15.8� 1.3. With

the measured autocorrelations gð2Þs;s ð0Þ ¼ 2.08� 0.09 and

gð2Þas;asð0Þ ¼ 2.01� 0.09, the Cauchy-Schwartz inequality

½gð2Þs;asðτÞ�2=½gð2Þs;s ð0Þgð2Þas;asð0Þ� ≤ 1 is violated by a factor of
59.71� 10.51. To further characterize the quantum nature
of the photon pairs, we measure the conditional autocorre-

lation function gð2Þc [34] of anti-Stokes photons heralded by

the Stokes photons. The measured gð2Þc as a function of the
integration time window δt is displayed in Fig. 2(b), where

gð2Þc over δt up to 300 ns is well below the two-photon
threshold value of 0.5.
We now turn to the two-photon joint spectrum.

Considering that the pump and coupling lasers have
independent Gaussian line shapes with standard spectral
deviations σp and σc, respectively [32], the two-photon
spectral correlation is

Sð2Þs;asðδωs; δωasÞ ¼ hâ†asðδωasÞâ†sðδωsÞâsðδωsÞâasðδωasÞi

¼ jBðδωasÞDðδωsÞj2
1ffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2pc

q

× exp

�
−ðδωas þ δωsÞ2

2σ2pc

�

þ jBðδωasÞCðδωsÞj2; ð7Þ

where σ2pc ¼ σ2p þ σ2c stands for two-photon energy
fluctuation [32]. The first term in Eq. (7) results from
the frequency anticorrelation, and the second term is the
accidental correlation. We take a high-finesse (F ¼ 20 000)
optical cavity as an optical frequency filter to measure the
joint spectral intensity. The optical cavity filter has a
bandwidth of 72 kHz and resonance power transmission
of 30%. As shown in Fig. 1(a), before entering the optical
cavity, Stokes and anti-Stokes photons are frequency
shifted by two independently controlled acousto-optic
modulators (AOMs) and then combined at a dichroic
mirror (DM1). With a spatial mode matching lens, the
Stokes and anti-Stokes photons are coupled to the optical
cavity with fixed cavity resonance frequency. The trans-
mitted photons are separated by another dichroic mirror
(DM2) and then detected by the two SPCMs. Two wide-
band (250 MHz) etalon filters are inserted to suppress the
photon cross talk and filter out the scattering from the pump
and coupling laser beams.
Shifting the frequencies of Stokes and anti-Stokes

photons with the two AOMs, we obtain the joint spectral

(a)
(b)

FIG. 2. Temporal correlation of energy-time entangled bipho-
tons. (a) Two-photon temporal correlation measured as coinci-
dence counts with a time bin of 1 ns and total data collection time
60 s. The circle data points are experimentally measured
coincidence counts. The solid line is calculated from theory.
(b) The conditional autocorrelation gð2Þc of the heralded anti-
Stokes photons as a function of the integration time width δt. The
circle points with error bars are experimental data, and the dashed
line indicates the two-photon event threshold value of 0.5.
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coincidence distribution Sð2Þs;asðδωs; δωasÞ, as displayed in
Fig. 3(a). The single photon power spectra jBðδωasÞj2 and
jCðδωsÞj2 can be obtained by projecting the joint spectral
distribution along either the δωs or δωas axis, as presented
in histogram bars in Fig. 3(b). The Stokes (anti-Stokes)
photon power spectrum can also be obtained from inverse

Fourier transform of its autocorrelation functions gð2Þs;s ðτÞ
[gð2Þas;asðτÞ], as shown as the solid dots in Fig. 3(b), agreeing
well with the direct measurement with cavity. Both
Stokes and anti-Stokes photons have similar spectral
uncertainties Δωas ≃ Δωs ≃ 2π × 1.826 MHz. The 2D
spectral intensity shows that the Stokes and anti-Stokes
photon frequencies are anticorrelated and indicates the
energy entanglement. Projecting the 2D spectral intensity
along the −45° direction, we get the two-photon sum-
frequency δðωas þ ωsÞ distribution and the result is shown
in Fig. 3(c). As predicted in Eq. (7), there are two distinct
features in the two-photon sum spectrum: a wide back-
ground floor from accidental coincidence counts between
uncorrelated frequencies [the second term in Eq. (7)],
and a central narrow peak from the frequency entanglement
[the first term in Eq. (7)]. The solid theoretical curve agrees
well with the experimental data. With the accidental
coincidence counts subtracted as illustrated in Fig. 3(d),
we fit the profile with Gaussian shape and obtain the

two-photon frequency sum uncertainty Δðωas þ ωsÞ ¼
2π × ð161.78� 6.87Þ kHz. Therefore, we estimate the
Schmidt number of our biphoton source to be K ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1=f1þ ½Δðωas þ ωsÞ=Δωs=as �2g2

q
¼ 8.03, which

confirms the entanglement in frequency domain while a
separable quantum state takes K ¼ 1 [35].
Combining the result from the previous temporal

measurement, we get the joint frequency-time uncertainty
product

Δðωs þ ωasÞΔðtas − tsÞ ¼ 0.063� 0.0044; ð8Þ

which obviously violates the separability criterion in
Eq. (1) by 212 standard deviations and thus confirms
the energy-time entanglement. Moreover, the joint fre-
quency-time uncertainty product also satisfies the steering
inequality in Eq. (2), which is sufficient for raising EPR
paradox [20–22].
In summary, we have directly characterized the

energy-time entanglement of the narrow-band biphotons
generated from SFWM in cold atoms. The two-photon
temporal correlation is measured by coincidence counts with
SPCMs, and their joint spectrum is determined by a narrow-
band transmission optical cavity. As the Stokes and
anti-Stokes photons are frequency anticorrelated, their
two-photon sum-frequency uncertainty δðωas þ ωsÞ=ð2πÞ ¼
161.78 kHz is much narrower than the spectral uncertainty
1.826 MHz of individual photons. We obtain the joint
frequency-time uncertainty product of 0.063� 0.0044,
which confirms the EPR entanglement and paradox. As
compared to wideband photon sources, these narrow-band
energy-time entangled biphotons are more suitable for long-
distance quantum steering [21], and thus will have important
applications in quantum communication and quantum net-
work based on quantum nonlocality.
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FIG. 3. Joint spectral distribution of Stokes and anti-Stokes
photons. (a) The 2D joint spectral distribution measured as
spectral coincidence counts between Stokes and anti-Stokes
photons transmitted through the optical cavity. Each data point
is taken with a two-photon coincidence time window 3 μs and
acquisition time 3000 s. (b) The single-photon power spectrums
of anti-Stokes and Stokes photons. The histogram data are
directly measured using the high-finesse optical cavity. The
dot data are calculated from the autocorrelation measurements.
(c) The normalized spectral distribution as a function of the two-
photon frequency sum δðωas þ ωsÞ. (d) The normalized two-
photon joint spectrum with the accidental coincidence counts
subtracted. The inset is the enlargement for the frequency sum
range of �1 MHz.
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